Abstract. Analyzing CO 2 emission inventories of 256 cities from 33 countries we find power-law correlations between the emissions and city size, measured in population. The results suggest that in developing countries, large cities emit more CO 2 per capita compared to small cities, i.e. they tend to exhibit super-linear correlations, where doubling the population of any city typically implies up to a 115% increase of emissions. The results suggest the opposite for developed countries, i.e. linear or sub-linear correlations. This implies better efficiency of large cities, where doubling the population of any city typically implies only an 80% increase of emissions. The transition occurs at approximately 10, 000 $ GDP(PPP)/cap. We derive how the total emissions of an entire country relate with the power-law correlations and find that in any case the size of the country is most important. The size of the most populated city dominates in the case of super-linear correlations. From the climate change mitigation point of view we conclude that urbanization is desirable in developed countries and should be accompanied by efficiency-increasing mechanisms in developing countries.
Introduction
Most people live in cities [1] and the largest part of current greenhouse gas (GHG) emissions is associated with urban areas [2, 3] . However, a characterization of the metropolis as dirty and polluting may be misleading considering the finding that various positive features, such as innovation or economic activity, are more effective in large cities (we always refer to population when we speak about the size of a city) compared to smaller ones [4] . Accordingly, it is relevant how city size and CO 2 emissions are related, i.e. to which extent a similar scaling or allometric effect can be identified. The outcome could shed light on the question of how sustainable urban life is [4] .
While Dodman [5] argues that per capita emissions from cities are lower than the corresponding country value, Hoornweg et al. [3] find that emissions on different scales vary considerably for the same resident, depending on whether production-or consumption-based figures are considered. Brown et al. [6] conclude that metropolitan areas can have a large impact towards a climate-friendly environment.
Usually, proportionality between city size and city emissions is assumed, i.e. the more inhabitants, the more CO 2 is emitted. However, this assumption has neither been verified nor disproved empirically, which is mostly due to the lack of comparable emission values on the city scale. In case the linearity holds it could be used to more accurately estimate emissions of cities for which no data is available. Currently, linearity is assumed for downscaling emissions from a country to high resolution raster scale, e.g. [7, 8] . In case the correlations between population and emissions are non-linear, the question arises which form they take and which factors determine their shape -the influence of a country's development stage is particularly interesting.
A proposal for a principal standard for urban emission inventories has recently been suggested by C40 Cities Climate Leadership Group and ICLEI Local Governments for Sustainability in collaboration with World Resources Institute, World Bank, UNEP, and UN-HABITAT [9] . However, for currently existing inventories a multitude of methodologies have been and are still in use. It ranges widely in terms of the area, sector or emission(s) of interest, the precision of the methodologies applied, and in how far the inventories followed the methodology and traceably documented the input, methods, and findings in the published results. The literature and its urban emissions figures considered for this study reflect this heterogeneity, which could be a source of dispersion. Since the standard procedure of emission reporting as described in the IPCC guidelines for national greenhouse gas inventories [10] , an analogous decompdecomposition into emissions from cities could aid in assessing their sustainability, i.e. a reporting scheme for cities is desirable (Measurable, Reportable, Verifiable).
We investigate CO 2 emissions versus the city size of 256 large cities situated in 33 different countries. We relate the two quantities employing a power-law with the exponent γ to characterize whether the emissions depend linearly, super-or sublinearly on the city size, i.e. whether large cities emit more CO 2 per capita than small cities, or vice versa. A priori, the scaling could be different for the various countries we investigate. Therefore we examine the influence of economic development and study how the exponent of the power-law relates to the countries' per capita Gross Domestic Product (GDP) in Purchasing Power Parity (PPP) values (we always refer to GDP(PPP) and omit "PPP" from now on). Finally, we derive how the total emissions of a country depend on the size of the largest city. We show that a transition occurs from super-to sub-linear behavior at approximately 10,000 $ GDP/cap (γ = 1), where the domination of the largest city is overcome.
This article is organized as follows. In Sec. 2 details of the data collected for this study are presented. The analysis starts in Sec. 3 where we investigate the scaling with city size for countries and with country groups defined by economic development. In Sec. 4 we explore the findings and establish the relation to the emissions of an entire country (the derivations are given in Appendix A). The results and discussed in Sec. 5.
Data
CO 2 emission figures (we have used CO 2 equivalent figures and use the notation CO 2 for simplicity) were retrieved from collections of urban GHG emission inventories published in peer reviewed journals or reports from research institutes and non-governmental organizations. From the plethora of figures available we compiled a set of 256 per capita urban GHG emission figures from a variety of different GHGs methodologies, sources, and sectors. The emissions accounted for are converted to CO 2 equivalent if necessary. 231 inventories (90%) explicitly include CO 2 emissions albeit from varying sectors and sources. 25 (10%) inventories were unspecific about which emissions were accounted for. 136 (53%) inventories account for CO 2 emissions, and a further 10 (4%) are ambiguous as to whether they account for additional CH 4 [12] and [13] ). For 23 cities both, city and metropolitan region, figures were considered as they can diverge substantially [3] . Publications by [14] , [6] , [3] , [15] , and [16] [13], [12] , and [11] account for 248 of the inventory figures (93%).
City emissions
We group our database of 256 urban emission inventories according to the country's GDP/cap, i.e. sort and group aiming for a balanced number of cases in each of the five groups without splitting countries (all considered cities of a country are in the same group). Based on these groups, we begin our analysis by plotting the annual amount of CO 2 emission e (we always refer to annual figures and omit "annual" for simplicity) against the corresponding city population s. Dividing by the per capita emissions of the corresponding countries we make the city emissions of different countries comparable. In Fig. 1 we see correlations which approximately follow power-laws according to
where a is a proportionality constant. For the linear case (γ = 1) it is identical to the per capita emissions. The exponent γ determines how strongly the emissions increase with city size: γ = 1 (linear) the larger the population, the higher the emissions; γ < 1 (sub-linear) large cities emit less CO 2 per capita compared to small cities; and γ > 1 (super-linear) large cities emit more CO 2 per capita compared to small ones. Similar power-laws have been found for other quantities, i.e. crime, GDP, income, and patents [4] . In addition to the evaluation by the five country groups, we also estimated γ for the three countries with more than 10 city inventories in our database: India (part of group 2), UK (part of group 4) and USA (constituting all of group 5). Interestingly, our findings are consistent with the results reported in [18] , where a γ slightly below 1 is found for cities in the USA. In contrast, [19] report super-linear scaling (γ = 1.46) of the emissions with population for the USA. This disagreement is likely due to the way how the data is acquired. While the data analyzed here and in [18] is based on administrative city delineation, [19] explore a physical city definition [20] .
The obtained exponents γ for each group or country are plotted against the corresponding GDP/cap figures in Fig. 2 . For groups with more than one country a weighted country GDP was calculated based on the number of cities in each country in the group. The Figure suggests that countries with lower GDP/cap values tend to exhibit γ > 1 and countries with higher GDP/cap values tend to exhibit smaller γ around or below 1. Notwithstanding the large error-bars, the results indicate that there is a difference in scaling between developing and developed countries, i.e. cities in (economically) developing countries tend to a super-linear relation between population and CO 2 emissions (γ > 1), while cities of (economically) developed countries tend to a sub-linear relation (γ < 1). This suggests a transition at γ ≃ 1. In other words, large cities seem to be more efficient in economically stronger countries and more inefficient in economically weaker countries in terms of CO 2 per capita emissions.
Country emissions
Relating emissions from cities to the emissions from an entire country could help to understand the drivers of emissions. Estimating the emissions of an entire country with the aforementioned relationship between city size and emissions requires taking into account how many cities exist for each size. Such a relationship for characterizing the size distribution of cities is described by the Zipf-Auerbach law [21, 22, 23] which is based on empirical data and expresses that city sizes follow broad distributions, i.e. the probability density is proportional to s −ζ . For cities it has been found that the Zipf exponent is ζ ≃ 2, see e.g. [24] and references therein. In addition to the assumptions about the size distribution of cities we disregard emissions from non-urban regions.
Under these circumstances, the total emissions of a country are calculated by the sum of the number of cities of certain size times the typical emissions of the corresponding city size. We derive E, the expression for the emissions from the considered country (see Sec. Appendix A), for ζ = 2
where S is the total population, i.e. the sum over all city populations. For γ = 1 a factor depending on s max comes into play capturing the deviations from the country size proportionality. The cases γ > 1, γ = 1, and γ < 1 are illustrated in Fig. 3 (in semi-logarithmic representation) where E/(aS) is plotted as a function of s max : The exponent τ is clearly above 1, i.e. τ ≈ 1.2, and minimally decreases over time, whereas the trend is smaller than the statistical error. Data: [26, 27] .
γ > 1: The country emissions E as a function of s max increase monotonously. For larger s max we also receive larger total emissions. γ ≃ 1: E is independent of s max , it is proportional to the population of the country, i.e. a = E/S are the per capita emissions .
γ < 1: E as a function of s max decreases monotonously. The larger the largest city, the smaller the total emissions E.
In any case, the proportionality constant a and the population of the entire country S remain. The exponent γ reflects the development of the country and the special case γ = 1 marks a transition made by countries emerging economically. Finally, in Fig. 4 we find power-law correlations between the country populations and the corresponding largest city populations according to
with τ ≈ 1.2 and b ≃ 1. This relation can be used to eliminate the country population, S, in Eq. (2) . Under consideration of Eq. (3), the transition is given by τ + γ = 2, i.e. at γ ≈ 0.8 a change occurs from super-linear (for γ > 0.8) to sub-linear (for γ < 0.8) influence of the largest city -given Eq. (3) with τ ≈ 1.2.
Discussion
The large number of people living and working in cities implies frequent human interaction, which in turn can have positive or negative facets. In the case of CO 2 emissions a differentiated view is required. The total emissions of the examined countries appear to be driven by processes that vary according to the developmental stage of each country. On a country scale, it was found that CO 2 per capita correlate exponentially with the development as measured by the Human Development Index (HDI) [28] . Per capita CO 2 emissions are determined by various factors. In addition to the type of energy sources and efficiency of devices, livelihood conditions and lifestyles play an important role. Out of 16 elements used to describe livelihood conditions, the six elements water availability, nutrition, energy supply, housing/shelter, sanitation and social cohesion were found to be significantly related to CO 2 emissions, while the others were only loosely coupled to CO 2 emissions [29] . Emissions are determined by a combination of advancement of technology and level of consumption. Thus, people in developed countries cause more emissions -despite advanced technology -simply due to their increased consumption of all kinds of resources and services.
Per capita emissions are much higher in developed countries and adjusting for emissions embodied in international trade further increases this discrepancy [30, 31] . Davis & Caldeira [32] pointed out that due to international trade the production-based accounting of emissions may not be very helpful. Instead they proposed to consider consumption-based inventories where the CO 2 emissions for the production of a good is accounted to the country where the good is consumed. It would be interesting to see how CO 2 emissions and city size relate considering consumption-based emissions.
A study focusing on household energy use across and within approximately 50 metropolitan areas in the US (a pronounced net importer of CO 2 emissions) showed that the spatial distribution of the population was an important determinant of perhousehold emission levels [33] . Across metropolitan areas per capita emissions were negatively associated with city population, which is principally in line with our findings. Their findings underline how urban development and transportation can significantly impact emissions and provide entry points for understanding the super-and sub-linear correlations found in our study. Marcotullio et al. [34] point out a population scaling effect for GHG emissions and urban population (larger cities may be less efficient than smaller ones). Using a top-down method driven by global emissions and population datasets, they differentiate the spatial distribution of urban emissions worldwide by sectors, regions and country level of development. Minx et al. [35] study the 434 municipalities in the UK and find that the consumption-based CO 2 -emissions are mainly determined by socio-economic factors, increasing with income, education, and car ownership but decreases with household size. Applying aspects of such approaches for inquiry into explanations for both super-and sub-linear behavior shows promising properties for regional and global studies.
We do not know the reasons for the suggested γ-transition but the underlying processes seem to depend on the development of the considered country. A possible explanation could be the allocation of facilities [36] . [37] find that commercial facilities exhibit linear and public ones sub-linear scaling with population. If it is assumed that facility types differ in emissions and that public sector development varies, then different emissions scaling can be expected depending on country development.
Another explanation could be a different structures of city economies in the light of shifts from industry to services, which has been discussed as an important mechanism of carbon reduction due to modernization [38] . Such differences in the structure and change of the economies depend on the degree of development -at least they are evident on the scale of countries [39] . For a further discussion, we refer to [40] .
In addition to lifestyles and economic composition, the geographical city size can have positive or negative effects in terms of CO 2 emissions. On the one hand, the compactness of cities implies shorter distances and less emissions from transport. Since generally the (public) transport system is better established in developed countries, emissions in cities can depend on the development of the corresponding country. Moreover, an inverse relationship between compactness and CO2 emissions has been reported for Japan, the USA, and China, suggesting that compact cities emit less CO 2 [41, 42, 43] .
On the other hand, super-or sub-linear scaling could be related to the urban heat island effect which is more pronounced in large cities but might depend on the climate where they are located [44] , which in turn can affect the heating and cooling behavior of people, see e.g. [45] .
Unfortunately, we can only provide poor evidence of a development dependent γ. The analyzed figures have been collected by various authors and cannot exclude differences in the technical details of the inventories, and in rigor with which the varying methodologies were abided by and reported. This shows how the available data on city emissions is still insufficient and we urge for a systematic and comparable reporting of CO 2 emissions from cities, for example as recently proposed [9] . We plan to verify our results in future research based on updated city inventories as they become available. The same holds for alternative data sources, such as the high resolution fossil fuel combustion CO 2 emissions fluxes for the US [46] or data from the Greenhouse gases Observing SATellite (GOSAT) [47] and local detailed GHG monitoring programmes, e.g. [48] . According to the Zipf-Auerbach law the probability density of city sizes is proportional to s −ζ for 1 ≤ s ≤ s max , where ζ is the Zipf exponent and s max is the population of the largest city.
For the calculation of the total emissions of a country we need the absolute distribution function This means the country emissions are determined by the constants a and S, as expected, since for γ = 1 the constant a corresponds to the per capita emissions. Secondly, γ = 1 leads to E = a S ln(s max )
Again, E is determined by the constants a and S, but in this case there is a power-law term and a logarithmic term of s max as well as a term depending on γ.
